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Abstract 

We study chargino production at a muon collider with longitudinally po- 
larized beams and center of mass energies around the heavy neutral Higgs 
boson resonances. We show that the interference of the CP even and CP odd 
Higgs bosons can be analyzed using the energy distributions of the lepton or 
W boson from the chargino two-body decays xf ~^ ^^^i or — > W^x\^ re- 
spectively. The energy distributions depend on the longitudinal polarization 
of the decaying chargino, which are correlated to the muon beam polarizations. 
We define asymmetries in these energy distributions which allow a determi- 
nation of the H and A couplings to the charginos and in particular of their 
relative phase. We analyze the asymmetries, cross sections and branching 
ratios in CP conserving Minimal Supersymmetric Standard Model scenarios. 
For nearly degenerate Higgs bosons we find maximal asymmetries which can 
be measured with high statistical significance. 
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1 Introduction 



The CP conserving Minimal Supersymmetric Standard Model (MSSM) contains 
three neutral Higgs bosons, a light scalar h, a heavier scalar H, and a pseudoscalar 
A jH 121 El- A muon collider is an excellent tool to study the properties of these 
neutral Higgs bosons, since they are resonantly produced in s-channels IH El 
E]. A scan of the production line shape around the resonance region allows the 
determination of e.g. the H and A masses and widths, if the overlap of the two 
resonances is not too large jB]. Moreover, if the polarizations of the muon beams 
and the final particles are taken into account, interference effects of the H and A 
channels give valuable information on the CP properties of the Higgs bosons [71. 
The H-A interference has been studied recently in |H1 , where the interactions of the 
Higgs bosons with neutralinos, the supersymmetric partners of the neutral Higgs 
and gauge bosons, have been analyzed. 

In this paper we study the production of charginos, the supersymmetric partners 
of the charged Higgs and gauge bosons, which allows precision measurements of the 
Higgs-chargino couplings [HI- We show that the longitudinal chargino polarizations 
are sensitive to the interference of the H and A channels, which is sizable if the 
two Higgs bosons are nearly degenerate, i.e. if their mass difference is of the order 
of their decay widths. In order to probe the longitudinal chargino polarizations, 
we define asymmetries in the energy distribution of the lepton £ from the chargino 
decay — > \ and the W boson from the chargino decay — > W^^Xfc- A 
measurement of these asymmetries and the cross sections allows a determination 
of the Higgs-chargino couplings. In particular the asymmetries provide the relative 
phase between the CP even and CP odd Higgs boson couplings, which would be a 
unique test of their CP properties. 

In Section El we give our definitions and formalism, and define the energy distri- 
bution asymmetries. In Section El we study the dependence of these asymmetries on 
the Higgs-chargino couplings. In Section El we present numerical results and give a 
summary and conclusions in Section El 

2 Definitions and formalism 

We study pair production of charginos with momentum p and helicity A 



with longitudinally polarized muon beams, and the subsequent leptonic two-body 
decay of one of the charginos into a lepton and a sneutrino 



In the following we focus on the case i = e, n. However, the results we obtain can 
be extended for i = t and for the chargino decay into a W boson and a neutralino. 





(2) 




(3) 
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2.1 Lagrangians and couplings 

The MSSM interaction Lagrangians for chargino production via Higgs exchange 
are (in our notation we follow closely 0121 IE]) 

= ^7/i(c(^'^)*PL + c(^'^)P/?)/i</', (4) 

/:x+x+0 = g^ticflPL + c^^lMxt^, (5) 



with Pb.,l = |(1 i 7^)) 9 the weak coupling constant and (p = H,A, h. The muon 
and chargino couplings to H and A are j2j : 



^(//M) = _^cosa^ 
2mvi/ cos P ' 

^(Am) ^ ,^tan/5, (7) 

(^Tij = -Q*ij cos a - S*j sin a, (8) 

= ^(Q:,sin/3 + 5*.cos/3), (9) 

4% = <^ = ^'A (10) 



Qij = ^^^2^,1, (11) 



= -^UaVj2, (12) 

where a is the Higgs mixing angle, tan/3 = ^2/^1 is the ratio of the vacuum ex- 
pectation values of the two neutral Higgs fields, 9w is the weak mixing angle and 
U, V are the 2x2 matrices which diagonalize the chargino mass matrix X with 
U^^ Xaf3 = m^± 5mn P • The muon and chargino couplings to the lighter Higgs 
boson h are obtained by substituting a with a + 7r/2 in (0) and 

The Lagrangian for chargino decay into a lepton and a sneutrino is 

^ei>ex+ = -gVjiiPRX^^i>t + h.c., £ = e,/i. (13) 

The Lagrangians for i = t and for the chargino decay into a W boson and a 
neutralino (jH)) are given in Appendix iBl 



2.2 Amplitudes and spin density matrix formalism 

For the calculation of the cross section for the combined process of chargino pro- 
duction ((H) and decay, (j21) or (jS)), which includes the chargino xf helicities Aj, we 
use the spin density matrix formalism of as e.g. used for chargino production 
in e"'"e~ annihilation in [TT]. The unnormalized spin density matrices of xfxf 
production and of decay are given by 

PXjX'^ = ^^x,XjT[*x'^, (14) 

P^.A, = ri?*T,^, (15) 
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where T^.x. and Tfj' are the hehcity amphtudes for production and decay, respec- 
tively. The amphtude squared for production and decay is then 

' ■'J J ■' 

A, a; 

with the propagator A(xf ) = i/[p'^± — m^± + im ±T ±], where p ±, m ± and F ± 

J Xj Xj Xj Xj Xj Xj Xj 

denote the four-momentum, mass and width of the chargino, respectively. 

Introducing a set of chargino spin vectors s"'±, given in Appendix El the spin 
density matrices (fT^ and (fT5|l can be expanded in terms of the Pauli matrices 

3 

Pf.A; = ^A,A^P + 5:r;,,S"p, (17) 

a=l 
3 

p^,,^ = 5y^x,D + Y,rl>x,^'h- (18) 

a=l 

With our choice of the spin vectors, Sp/P is the longitudinal polarization of xf-, 
Ep/P is the transverse polarization in the production plane and ^'p/P is the polar- 
ization perpendicular to the production plane. Inserting the density matrices (|T7jl 
and (fTHjl into (fTHjl gives 

3 

iTp = 2|A(x,^)|2(PZ} + ^S?,S^). (19) 

a=l 

The first term in ()19|) is independent of the chargino polarization whereas the second 
term describes the spin correlations between production and decay. Cross sections 
and distributions are now obtained by integrating |Tp over the Lorentz invariant 
phase space element rfLips 

rf(T = ^iTl^c/Lips, (20) 

where we use the narrow width approximation for the propagator of the decaying 
chargino. Explicit formulas of the phase space for chargino production (Q) and decay, 
(121) or (jSj), can be found e.g. in 



2.2.1 Contributions from H and A exchange 

The expansion coefficients of the chargino production matrix ()17p subdivide into 
contributions from the Higgs resonances and the continuum, respectively, 

P = Pr + Pconty = + S"^^^ . (21) 

The continuum contributions Pcont, ^tont those from the non-resonant 7, Z and 
Ufj, exchange channels and can be found in JT]. The resonant contributions are those 
from s-channel exchange of the Higgs bosons H and A 

P, = ^ p(^^^+p(^^\ (22) 

<I)=H,A 

El = Yl ^r-^'^'^^ + ^r^"^\ (23) 
<I)=H,A 
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which read for 



^(1 

4 ^ 



p+p_)iA(0)nc 



2| J</'M)|2 



W|2 
L I 



»|2 



m^±) — 4:Re{cf^c^^^*}m ±m 



(24) 



P_)Re{A(/7)A(A)*}Im{c 



Im{c 



-2Im{c 



+ c 



R 



-R 



}{S 



2 ^ 



} 
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:i+p+p_)iA(0)nc^'^^f (ic 



»|2^ 



(25) 
(26) 

Im{c^"^cr'* - 4"^4"^*}Im{c^^'^^c^^^^*} VA.,. (27) 

The resonant contributions and to the transverse polarizations of the chargino 
vanish, since the s-channel exchange is due to scalar Higgs bosons. In the above 
formulas the chargino indices of the couplings c^'* = c^]j 



-^Re{A(if)A(A)*}(P, 

(H)(A)* (H)(A) 



and c^*-* = c'^'l- have been 



suppressed, the longitudinal beam polarizations are denoted by P+, V- 
A(0) = i[{s-ml)+im^T^]~\ (j) = H,A, 



and 



A 



it 



X(s, m^±, m^±^ 

\ ) v^' XT 



(28) 
(29) 



with X{x, y, z) = x'^+y'^+z'^—2{xy+xz+yz). Note that both Pr^^'' and 'L^^''"''' vanish 
for production of equal charginos i = j since then the Higgs-chargino couplings 
are parity conserving. 



with c 



L a 



S4>)* 



^Rii 



X^jc^ production since c'^]- ^ c^]* for i 7^ j in general 



These two terms are only present for 
We neglect interferences 

of the chirality violating Higgs exchange amplitudes with the chirality conserving 
continuum amplitudes, which are of order m^/ y/s. Further we neglect contributions 
from h exchange far from its resonance. 

In order to find observables which are sensitive to the H-A interference, we 
analyze the properties of the coefficients P and Sp ^2\\ under parity and charge 
conjugation. For the production of the charge conjugated pair of charginos yU"*"/!" — >• 



xtXj they transform into 



y3 

cont 
p{HA) 

^3 (</.</.) 



_V3 
_p{HA) 



(30) 
(31) 
(32) 



while Pcont -Pr'^'^'* and E^*'^^^ do not change. For equal beam polarizations 



V+ = V- = V the resonant contributions transform under V 

p{HA) _^ _p{HA)^ 
sr'i{.HA) _^ sp2,{HA) 



-V into 



(33) 
(34) 
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while the terms P} , Sr and the continuum contributions Pcont and S^^^^ [TT] . 
are invariant. Note that the H-A interference terms Pr^^^ ()25j] and Tj^'^^^^ fl27|l 
are parity odd and thus vanish for zero beam polarizations V+ = V- = 0. 

2.2.2 Chargino decay into electrons and muons 

The expansion coefficients of the chargino decay matrix ()18|) for the chargino decay 
—>■ £^ ui, with i = e, fi, are 

D = y|l^,irK±-0, (35) 
= -g'\V,,\'m.^±{s\-pe). (36) 

The coefficient for the charge conjugated process, xj — ^ ^~ i^£, is obtained by 
inverting the sign of (jHUj) . The coefficients for i = t and for chargino decay into a 
W boson and a neutralino are given in Appendix iBl 



2.3 Energy distribution 

In the center of mass system (CMS), the kinematical limits of the energy of the 
decay particle X = e, fi,T,W from the chargino decays © and Q are 

E';;''''^"''''^ = Ex±Ax, (37) 

which read for the leptonic (A = £) chargino decays 

2 2 

= ^^^^ = ^^t^E., (38) 



2 2m2± 



2 2 

rpmax rpmin Tfl ^ '^s. 

-^^ - En xf 



2m2± 



\p±\, i = e,^,T. (39) 



With these definitions we can rewrite the factor S|) fl3(j|l . that multiplies the longi- 
tudinal chargino polarization Sp in (fT^. 

= Vx±^{Ex-Ex), X = e,^l,T,W, (40) 



where we have used 



2 

.3 „ N _ X. 



m^±{s\-p,) = --^{E,-E,). (41) 

The factor rix± is a measure of parity violation, which is maximal r]£± = ±1 for the 
decay xf — for £ = e, /i, since the sneutrino couples purely left handed. For 
£ = r or for chargino decays into a W and a neutralino, the factors ?7^± ()B.14|1 and 
riw± ()B.15|1 . respectively, are generally smaller, thus reducing S|,. 
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Figure 1: Normalized energy distributions of the lepton for the process fi~^fJ.~ xtxi 'ind 
decay xt ~^ f-^^f. (dot-dashed) or — > I'v} (dashed), for £ = e,fi, with ^/s = 500 GeV 
and longitudinal beam polarizations "P^ = V- = —0.3. The MSSM parameters are given 
in Table ^ The shown distributions have asymmetries A£+ = 0.2 and Ag- = —0.26, 
see dm). 



The energy distribution of the decay particle is now given by 



dax± 



2A, 



1+ Vx- 



{Ex - Ex 



P 



A, 



(42) 



where we have defined averages over the chargino production angles in the CMS by 

!/■„.„ ^, 1 



p = — Pdn^±, 



(43) 



Two examples of energy distributions of the decay particles and i~ , for £ = e, /i, 
are shown in Fig. ^ One can see the linear dependence of the distributions on the 
lepton energy. The slope of the curves is proportional to the longitudinal chargino 
polarization. Note that the energy distribution might be difficult to measure for 
a small chargino-sneutrino mass difference, since the energy span of the observed 
lepton is proportional to the difference of their squared masses, see fl39|) . 



2.4 Asymmetries of the energy distribution 

For the cross section ax± of chargino production with subsequent two body 

decay of one chargino into a lepton and a sneutrino or into a W boson and a 
neutralino Q, we define the asymmetries Ax+ and Ax- for the charge conjugated 
processes 

A (rx±{Ex> Ex)-ax±{Ex<Ex) 

A\± = ^ F A I fjp ^ IP V A = e,/i,r,iy. 44 

crA±(^A > ^a) + O^A±(^A < ^a) 

Using the formula for the energy distribution of the decay particle ()42|1 . we 
find that the asymmetries are proportional to the averaged longitudinal chargino 
polarization 

Ax± = ^^A±S. (45) 
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In order to separate the resonant contributions of the Higgs exchange channels to Sp 
from those of the continuum contributions, see ()21|) and ()43|) . we use their different 
dependence on the chargino charge and on the beam polarizations. Therefore it is 
useful to discuss the production of equal and unequal charginos separately. 



2.4.1 Production of equal charginos 

If equal charginos are produced, xfxj ? the resonant contributions Sr ^^^^ 

are independent of the chargino charge. The continuum contributions Scont' how- 
ever, differ by a sign for charginos with positive or negative charge, see ()30|) . and 
are thus eliminated in the numerator of the charge asymmetries 

(46) 

X = e,fi,T,W, (47) 

with E^^^"^^ = 'Er^^^\ see fl43|) . The resonant contributions can also be isolated 
from the continuum contributions by taking into account their different dependence 
on the beam polarizations for V = V+ = V^, given in (jSSI), ()34|1 . Then the invariant 
continuum contributions are eliminated in the polarization asymmetries 

n (48) 

(49) 

Since Sr^^"^^ ()27p describes the interference of the H and A exchange amplitudes, 
nonvanishing asymmetries and A^^l are a clear indication of nearly degenerate 
scalar resonances with opposite CP quantum numbers in the production of equal 
charginos. 



A? 



1 E 



3 {HA) 



-[Ax±{V) - Ax±[ 

1 S?(^^)(P) 
2^^" P ■ 



2.4.2 Production of X1X2 

The asymmetries A^ fl47|) and ()49|1 have to be generalized for the production of 
unequal charginos, y^xti since the coefficient pj^"^^ ()25|) does not vanish. For either 
the decay of Xi the decay of we define the generalized charge asymmetry 

= f "ilh A = e,;.,r,iy, (50) 

^A+ + ^A+ + ^A- + ^A- 

with the short hand notation a^± = ax±{Ex > Ex) and cr^± = ax±{Ex < Ex)- Using 
the definition of the energy distribution (jl^ and the chargino charge transformation 
properties of the coefficients P and Sp, pU jl -llH ^ . the resonant contributions can be 
separated, in analogy to (HZj), 

1 ^3 (HA) 

= 2"^^+"^ , p{HH) p{AA)^ (51) 
^cont ~r -T r -t -Tr 
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with Pr = Pr ■ Analogously we define the generalized polarization asymmetry 



1 ^3{HA)^p^| 

= 2^A^ p , p(/^^) , p(AA) ^ A = e,/.,r,iy, (53) 

for equal beam polarizations P. For the production of equal charginos these asymme- 
tries reduce to their equivalents and ^^±, defined in and (HH), respectively. 

Moreover we define the production asymmetry of the chargino cross sections 

which is sensitive to the interference of the H and A channels due to the parity 
violating Higgs-chargino couplings. 

2.4.3 Statistical significances 

We define the statistical significance of the asymmetries Ax± by 



Sx± = \Ax±\^aifx+fi~^xfxf)BR{xf^X^Nx)Ceff, (55) 

with X = i oiW and Nx the associated sneutrino or neutralino, respectively. Further 
the effective integrated luminosity C^ff = exC depends on the detection efficiency ex 
of leptons or W bosons in the processes xf ~^ '^e*^ or xf ~^ Xk^ respectively. 
The statistical significance for the charge asymmetry Ax is given by 



5f = |^^|y^2a(/i+/x"-xrx;)BR(x;-A+iV,)£,;;, (56) 

which follows from ()46p . Assuming that Ax±{V) and Ax±{—V) are both obtained 
with the same integrated luminosity C, we define the statistical significance for the 
polarization asymmetry A^^l by 



Sl'^ = \Alt\^j2a{^,+f,^-.xfxf)BR{xf^X^Nx)C,ff, (57) 

which follows from ()48p. For the production asymmetry Ap^^^ fl54|) we define the 
significance 

S^^, = \A';^,\^[a{xtx2) + crixtxDKj/, (58) 
with jC^jf the effective integrated luminosity for chargino production. 
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3 Determination of the Higgs-chargino couplings 



In the previous section we have shown that the coefficient ()27|1 of the longitudinal 
chargino polarization is sensitive to the interference of the H and A Higgs bosons. 
Their interference determines the sign 7 of the product of couplings 

K = Im{c(^'')c(^'^)*}Im{c5f)4^)*} = 7 |c(^^)c(^^)c(f ^cif^l, (59) 

which appears in 

E3(^^) = 2(7^PRe{A(i7)A(A)*}Im{c(^'^)c(^^>}Im{4^^4'^^*}sv^, (60) 

where we focus on the production of the lightest pair of charginos XiXi 
with equal muon beam polarizations V+ = V- = V. Since we assume CP conserva- 
tion, 7 can take the value ±1 for interfering amplitudes of opposite CP eigenvalues, 
and vanishes for interfering amplitudes with same CP eigenvalues. A measurement 
of 7 would thus be a unique test of the CP properties of the Higgs sector in the 
underlying supersymmetric model. 

The coefficient Er^^"^^ can be obtained from the chargino production cross section 



aifi^fi xtXi ) = ^ — (61) 



and the charge asymmetry A'^ fl47p 



= a(^V- - Xtx^) (62) 
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Now the product of couplings k, can be determined by a comparison of ()62j) with (jUUI) . 
Alternatively, using the polarization asymmetry A^^± fj49p . we find 

= a(/.V' - Xtx^) Alt (63) 

In addition, a measurement of the asymmetries A'^ ()47|) or Al°t fj^^ allows the 
determination of the ratio 



K _ f7(/iV ^xtxi) 2 c 



Pr (Tr{fl+H xtXl ) 



(64) 



= ^itlf^lM^^Ai:!, (65) 
using the charge or polarization asymmetry, respectively. The resonant contributions 



cT,.(/iV xtXi ) = |— T^r-, with Pr = Pr, (66) 



to the cross section can be obtained by subtracting the continuum contributions. 
The latter can be estimated by extrapolating the production line shape below and 
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above the resonance region jHj. Uncertainties due to detection efficiencies of the 
chargino decay products cancel out in the ratio 



After inserting the expressions of Y.f"^^ dnni) and ^ we obtain 



(67) 
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Pr 



IV 27Re{A(if)A*(A)}Vs+s 



(68) 



1 + p2 ^ |A(i7)|2 s+ + r-1 |A(A)|2 s' 



with 



s — ^rr? ± 



All 



(69) 



s 



r 



■R I 



(70) 




It is now possible to solve (jHH|) for r as well as for 7. 

For our analysis we have assumed that the masses and widths of the Higgs reso- 
nances H and A can be measured. The resonance parameters of nearly degenerate 
Higgs bosons with different CP quantum numbers may e.g. be determined by using 
transverse beam polarizations, which enhances or suppresses the Higgs exchange 
channels depending on their CP quantum numbers [T3] . 

Note that 7 ()59|) can only be determined by measuring the charge or polarization 
asymmetries and v4^±, which are sensitive to the H-A interference channels. A 
determination of 7 from a measurement of the cross section a{fi^fi'' XiXi) is 
not possible, since it contains contributions from pure H or A exchange only. 

4 Numerical results 

We analyze numerically the charge asymmetry Af ()46|) of the lepton energy dis- 
tribution for the production of equal charginos fi^fi~ — > xtXi Section 14. and 
the cross section asymmetry (JSH) for the production of different charginos in 

Section 14.21 The feasibility of measuring the asymmetries depends also on the cor- 
responding production cross sections which we discuss in our scenarios. For the 
calculation of the Higgs masses and widths we use the program HDECAY ^3]. For 
the calculation of the branching ratios and widths of the decaying charginos we 
include the two-body decays 



and neglect three-body decays. In order to reduce the number of parameters, 
we assume GUT relations for the gaugino mass parameters, related by Mi = 




e=^Z>e, fJ'^i^i,, T^l^T, efue, /i^I^^, T^^2^r, W^X 



(71) 
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5/3 M2 tan^ ^vi/, and for the slepton masses, related to the scalar mass parameter 
mo at the GUT scale by the approximate renormalization group equations J3] 




ml + 0.23M^ - m\ cos 2/5 sin^ dw, 

ml + O.79M2 + m| cos 2/5(-^ + sin^ 9w), 

ml + 0.79M^ + -ml cos 2/5. 



(72) 




(73) 




(74) 



In the stau sector we fix the trilinear scalar coupling parameter A^- = 250 GeV. 
4.1 Production of XiXi 

In the following subsections we study the dependence of the asymmetries and cross 
sections on the MSSM parameters fi, M2, tan/? and m^, as well as on the center of 
mass energy i/i. 

4.1.1 and A/2 dependence 

In Fig. 1^ we show the contour lines of the chargino production cross section 
cr(/i+/i~ — > xtXi) ill the /U.-M2 plane for = and beam polarizations V+ = 
= -0.3, with mA = 500 GeV, tan (3 = 10 and mo = 70 GeV. At y/s = mA ^ mn 
the production cross section is close to its peak value, since the two Higgs resonances 
are nearly degenerate. The main contributions to the cross section, which reaches 
up to 2 pb, are from the resonant ones. For increasing values of the couplings of 
both H and A to the charginos decrease, leading to smaller resonant contributions. 
The continuum contributions from 7, Z and z/^ exchange reach 0.5 pb at most. 

We show contour lines of the chargino branching ratio BR(x^ e^Ve) in the 
IX-M2 plane in Fig. |2b; where also the allowed region for the chargino two-body 
decay xt — >■ e^z/g is indicated. The sneutrinos are rather light for mo = 70 GeV, 
such that this chargino decay mode is open for > 200 GeV and reaches values of 
up to 20%. 

For the chargino decay into an electron xf — ^ e'^ui*\ we show in Fig. |2b contour 
lines of the charge asymmetry fl46p which reaches values of up to 24%. The 
asymmetry depends only weakly on the character of chargino mixing, since A^ is 
proportional to a ratio of the couplings, see and (jHEI)- In the ideal case of 
maximal H-A interference and vanishing continuum contributions, the asymmetry 
could reach its maximum absolute value of |P+ + P_|/(l + V+V^)/2 ^ 28%, as 
follows from (P7|) for V+ = P_ = —0.3. Thus the shown values of A^ in Fig. |2t 
are large, since the amplitudes of the interfering H and A Higgs bosons are roughly 
of the same magnitude in the resonance region ^/s = mA- Near the production 
threshold -y/i = 2m^± the asymmetry decreases due to the p-wave suppression of 
the CP even scalar exchange amplitude. 

In Fig. |2li we show the contour lines of the significance iSf ()56|1 for an integrated 
effective luminosity £e// = 1 fb"^. Due to the large asymmetry A^ and cross section 
a{fi^fi~ XiXi) ^ BR-(x^ ~^ e'^i/e) for chargino production and subsequent decay. 
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Figure 2: ^i^i-r xtxii xt ~^ e+t'e- Contour lines of tlie cross section a{fi^fi~ — > 
xfxi) (a), tlie branching ratio BR(xi' — > e'^Pg) (b), tlie cliarge asymmetry (c) and 
the significance for C^ff = 1 fb~^ (d) in the fi-M2 plane for niA = 500 GeV, tan/3 = 10, 
mo = 70 GeV, ^/s = 500 GeV and longitudinal beam polarizations 7^+ = V- = —0.3. The 
dashed line indicates the kinematical limit 2m ± = y/s. The area A (B) is kinematically 
forbidden by 2m ± > -v/i (jti^^ > ?ti ±). The shaded area is excluded by m ± < 103 GeV. 

Xi Xi Xi 



A^ can be measured with a significance i5f > 1 for a luminosity Ceff = 0(fb ^). 
The same values of the significance are obtained for the muonic chargino decay mode 
xi f^^i>^. 
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Table 1: Scenario A for j^^jj, XiXi ■ 



tan/? = 10 


niA = 500 GeV 


m^± = 197 GeV 


BR{xt e+z>e) = 19% 


;x = -500 GeV 


Ta = 1.41 GeV 


m + = 514 GeV 


BRixt ^ = 19% 


M2 = 200 GeV 


mn = 500.07 GeV 


m^o = 100 GeV 


BRixt r+Vr) = 19% 


mo = 70 GeV 


Th = 1.20 GeV 


mj,^ = 180 GeV 


BRixt r+Ur) = 43% 



Table 2: Scenario B7 for /i+yU — > XiXi ? chargino and slepton parameters. 



tan/? = 7 


m + = 158 GeV 


BR{xt e+Ue) = 22% 


/i = -400 GeV 


m^± = 417 GeV 


BRixt f^^i>,) = 22% 


M2 = 160 GeV 


m^o = 81 GeV 


BR{xt r+i)r) = 22% 


mo = 70 GeV 


m^^ = 145 GeV 


BR(x^ ^ fi+z/r) = 33% 



4.1.2 ^/s dependence 

In order to study the dependence of the asymmetries and the chargino production 
cross sections on the center of mass energy, we choose a representative point in the 
/i-M2 plane with n = —500 GeV and M2 = 200 GeV. The parameters and resulting 
Higgs masses and widths for this point, called scenario A, are given in Table H 
For the calculation of the branching ratios we include mixing in the stau sector, 
see e.g. [Ulin]. Note that BR(x+ ^ W+x^) < 0.3% due to the small xt-W+-Xi 
coupling in the gaugino scenario A, and BR(x5'^ e^z/g) < 0.01% due to kinematical 
reasons since m + ~ m^, . 

Xi 

In Fig. IHK we show the energy distribution asymmetry Ae+ pljl for the decay 
xf — s> e'^h'e, and the asymmetry Ae- for the charge conjugated process, with lon- 
gitudinal beam polarizations V+ = V- = —0.3. In addition we show the charge 
asymmetry A'^ = {Ae+ — Ae-)/2, see (pUj) . which reaches its maximal value of 23% 
at ^/s ^ rriA = 500 GeV. Since the continuum contributions from 7, Z and ex- 
change cancel out, A^ asymptotically vanishes far from the resonance region. The 
^/s dependence of the chargino production cross section is shown in Fig. IHb. We 
show the corresponding statistical significance iSf , defined in fl56|l . for an effective 
integrated luminosity Cejf = 1 fb~^ in Fig. Et. 

4.1.3 rriA and tan/? dependence 

In Fig. 13^ we compare the charge asymmetries A"^' fl4(jj) for scenarios B7, B7' and 
B7", that differ only in rriA = {350,400,500} GeV, as a function of ^/s — rriA- 
We show the corresponding cross sections for ^~ xtXi in Fig. For in- 
creasing Higgs masses their widths increase, and thus the interference of the H and 
A exchange amplitudes. However, the maxima of the asymmetries are reduced by 
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Figure 3: /i"*"/^^ xtxi^ xf ~^ e^vt . Asymmetries (a), cliargino production cross 
section (b) and significance for >Ce/-/ = 1 fb^^ (c), with longitudinal beam polarizations 
= V- = — 0.3 for Scenario A, given in Tabled 



Table 3: Scenarios B7, B7' and B7", Higgs sector parameters. 





B7 B7' B7" 


mA[GeV] 


350 400 500 


mj^[GeV] 


350.7 400.6 500.4 


rA[GeV] 


0.56 1.00 1.4 


r^iGeV] 


0.43 0.65 1.1 



larger continuum contributions to the cross section. For smaller Higgs masses, here 
niA = 350 GeV, the threshold effects are stronger. Since a Dirac fermion-antifermion 
pair has negative intrinsic parity, and thus the CP even H resonance is p-wave sup- 
pressed, the peak cross section is found at ^/s ~ m^, where the asymmetry nearly 
vanishes. The asymmetry changes sign between the two resonances, whose mass 
difference is larger than their widths, due to the complex phases of the propagators. 
Its maximum is found at center of mass energies slightly above niH where the phases 
of the propagators are roughly equal and the amplitudes of similar magnitude. In 
Fig. HJ: we show the statistical significance iSf for an integrated effective luminosity 
Ceff = 1 fb~^. We find statistical significances of iSf > 3, albeit not in the entire 
resonance region for scenarios B7 and B7' with smaller rriA- 

The asymmetries are also sensitive to a variation of tan (3. In the Higgs sector, 
increasing tan/3 results in larger H and A widths and smaller mass differences be- 
tween H and A. This leads to a larger overlap of the two resonances, and thus to 
larger asymmetries in the resonance region. In addition, since the couplings of 
the muons to the Higgs bosons © and ((Tj) are proportional to tan/3 in the Higgs 
decoupling limit ^\ , larger values of tan /3 imply smaller relative continuum con- 



15 



Asymmetry in % a^ji^ ji xtXi ) i^i pb Significance iSf 




Figure 4: xtXi > ^ e^i>e* . Asymmetry A^ (a), cross section a{fi'^fi 

XiXi) (b) and significance for £e// = 1 fb~^ (c) for scenarios B7 (solid), B7' (dashed) 
and B7" (dot-dashed) of Tables 121 and El with niA = 350 GeV, 400 GeV and 500 GeV, 
respectively, and longitudinal beam polarizations V+ = V- = —0.3. 



tributions that enhance the asymmetries. On the contrary, for small tan (3 < 5 and 
mH,A < 2mt, with rrit the top quark mass, the resonances practically do not overlap, 
see e.g. [Hj, and the asymmetries cannot be measured. For mH,A > 2mt, the result- 
ing large H and A widths may lead to an overlap of the resonances. However, the 
combined effect of smaller Higgs-muon couplings and the suppression of the cross 
section due to the large widths imply a small resonant contribution with respect to 
the continuum and consequently only small asymmetries and statistical significances 
are obtained. 

4.1.4 Chargino decay into a W boson 

If the sleptons are heavier than the charginos, the chargino decay into a W boson, 
xf — > W'^xl, might be the only allowed two-body decay channel. In this case only 
the asymmetries of the energy distribution of the W boson, A^r filUj) and fliH|) 
are accessible. These asymmetries are reduced by a factor ri\Y± (IB.lSj) with respect 
to the asymmetries for leptonic chargino decay modes. In Fig. (St we have shown 
the contour lines of the leptonic charge asymmetry A^ fj46p in the fi-M2 plane for 
tan P = 10. The values of A'^ have to be multiplied by 7]]^+ = —rjy/~ , which we show 
in Fig. to obtain the asymmetry Ay^r = i]w+ ^ • Although the asymmetries are 
suppressed by |?7iy±| ~ 0.2 — 0.4, and uncertainties in the energy measurement of 
the W boson lead to lower effective integrated luminosities, statistics will be gained 
from large branching ratios, BR(x]'' — > W^Xi) = 1- 

4.2 Production of xfx2 

In Fig. we show the cross sections for fi'^fi~ — > Xi^X2 production and for the 
charge conjugated process XiXt scenario PI, given in Table jH The 
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500 

i\/2[GeV] 

400 
300 



200 
100 


-600 -400 -200 200 400 600 

/t[GeV] 

Figure 5: Contour lines of rjiy^ ()B.15|) for the decay Xi W~Xi in the fi-M2 plane for 
tan d = 10. The dashed line indicates the kinematical limit for 2m ± = -y/i = 500 GeV. 
The dark shaded area is kinematically forbidden by Tn^± < mw + m^o . The light shaded 
area is experimentally excluded by m^± < 103 GeV. 



Table 4: Scenarios PI and P2 for fi^fi xfxt- 





PI 


P2 




PI 


P2 


tan j3 


10 


10 


m^±[GeV] 


138 


106 


/x[GeV] 


-250 


-110 


m^±[GeV] 


281 


322 


M2[GeV] 


150 


300 


m^o [GeV] 


74 


89 


mo [GeV] 


200 


200 


mpJGeV] 


232 


327 


m^lGeV] 


500 


500 


rA[GeV] 


3.7 


3.4 


m^lGeV] 


500.3 


500.4 


rH[GeV] 


3.6 


3.3 



two cross sections are equal for unpolarized beams and differ for polarized beams 
V+ = = —0.3. In this case the H-A interference enhances the Xixt cross 
section and suppresses that for the conjugated process. The corresponding asymme- 
try Apj„^ of the two cross sections is ^p^d — ~48% at ^/s = 500 GeV. The asym- 
metry almost reaches its maximum absolute value of {V^ + ^-1/ (1 + ~ 55%, 
here for V+ = = —0.3, which would be obtained in the ideal case of vanishing 
continuum contributions. For scenario P2, shown in Fig.lHb, the Xixt production is 
instead suppressed by the H-A interference and the xlx2 production is enhanced, 
such that Ap^^ = 45% changes sign. In scenario PI (P2) the lightest chargino 
has mainly gaugino (higgsino) character, i.e., the gaugino (higgsino) components 




excluded 
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^ Xi X2) ^(/^V Xi X2) 




494 496 498 500 502 504 506 494 496 498 500 502 504 506 



(a) Vi[GeV] V5[GeV] 

Figure 6: /U^/i^ Xi^X^- Cross sections a{fi^fM^ — > xfx2) (dashed) and a{ji^i-r 
Xixt) (dash-dotted) for longitudinal beam polarizations V+ = V- = V = —0.3, and 
cr(/i^/i~ — > XiX^) (solid) for P = 0, for scenario PI (a) and scenario P2 (b), given in 
Table H 

are larger. Since Higgs bosons couple to a gaugino-higgsino pair, the corresponding 
couplings (piTUj) transform as c^)^-^- ^ c^L^Rji under M2 This transformation 

relates the resonant amplitudes of X1X2 XiXt production for scenarios PI 
and P2, which explains the different signs of A^^^. Consequently for M2 = the 
asymmetries vanish, even for polarized beams. 



5 Summary and conclusions 

In the CP conserving MSSM we have studied the s-channel interference of the CP 
even and CP odd neutral Higgs bosons H and A in chargino production /i"*"//" —>■ 
xfxf with longitudinally polarized beams. We have shown that the interference of 
H and A can be analyzed for xfxi production using asymmetries in the energy 
distribution of the lepton or W boson from the decay xf ~^ ^^^^ii ^ = r, 
or Xi ~^ W^^Xij respectively. The asymmetries of the energy distributions are 
correlated to the longitudinal chargino polarizations. For the production of two 
different charginos, the H-A interference can be analyzed using asymmetries of the 
X1X2 cross section and its charge conjugate. The asymmetries depend on the muon 
beam polarizations and thus vanish for unpolarized beams. Since the asymmetries 
probe the H-A interference, their measurement allows a determination of chargino 
couplings to the H and A bosons as well as a determination of the relative phase of 
the couplings. In a numerical study we have analyzed the production of XiXi ^ind 
Xi')S for different MSSM scenarios and found asymmetries which are maximal for 
nearly degenerate H and A bosons. In the numerical analysis of the chargino cross 
sections and branching ratios, we have shown that the asymmetries are accessible 
at a future muon collider with polarized beams. 
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Appendix 



A Chargino polarization vectors 

We choose a coordinate frame in the center of mass system (CMS) such that the 
momentum of the chargino xf is given by 

p^.=iE^±;0,0,\p^±\), (A.l) 
with ^ 

The spin vectors of the chargino are then defined by 

s't = (0; 1, 0, 0), s^-r = (0; 0, 1, 0), = ^(|p;±|; 0, 0, E^±). (A.3) 



^3 



B Chargino decay into r and W boson 



The interaction Lagrangians for chargino decay into & t, xf ^ ^r*\ and W 
boson, xf — > x1, are, respectively [T] 

Cr,^^+ = -gf{V,,Pn-YM*PL)xfi)r + h.c., 



^w-x+x° 
with the couphngs 

= 



9W~xlY{0tPL + 0;:Mxti>i + h.c. 



'32- ^j^j 



\/2 



NmV*2 + (sin^i^ATfci + cosewNk2)V*^. 



= +-^iV*3[/,2+(sineiyiV*i + COS^H/iVfc*2)f^jl, 



(B.4) 
(B.5) 

(B.6) 
(B.7) 



and Yr = rrir/ {\/2mw cos P) . The 4x4 unitary matrix diagonahzes the neutrahno 
mass matrix Y in the basis {7, Z, hi,h2} with N*jYimNl^ - = 6, 



The expansion coefficients of the chargino decay matrix ()18|1 for xf 



D 



|-(i^.ir+n^if/.2r)K.-o, 

-g\\V,,\'-Y,'\U,2\')m^±{sl^-Pr), 



T ' Vr are 

(B.8) 
(B.9) 



and those for xf ~^ Xk 



D 



|-(iofer+iosn 



m^,± + mlo - 2m^ H — ^ — 



X, 



Xfc 



w 



D 



-/(iofep-iogn 



Xk 



m 



w 



(B.IO) 
(B.ll) 
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The coefficients for the charge conjugated processes, Xj ~ ^ ^ K Xj ~^ 
W~ Xk^ are obtained by inverting the signs of ()B.9|) and ()B.11|) . respectively. 

For the chargino decay xf — > x^ the energy hmits of the W boson are 

^rna.(™n) ^ ± , SCC §7^, with 

rpmax _i_ Tpmin "Ti ± ~l~ ^v,0 

Ew = t = '^ 2 -E^-^ (B.12) 

2 2m^ + ^3 

X, 



rpmax rpmin 

- Ew 



2m^i 

X, 



(B.13) 



The factor iri\± pn|l for the decay '^■f*'' is given by 

For the decay Xj^ — > VT^ Xfc we find 

_ (iQfcp-iQg-mi 

with 



/i = ("^J± - m^^i - 2m^)^A(m2±,m2j,,m2o), 
/a = (mj± + m^o - 2m^) + (m^± - m^o)^, 
/s = -12 m^± m^o m^. 

The coefficients ?7^± and ?7vy± depend on the r and W couphngs to the charginos, 
as well as on the chargino and neutralino masses, which could be measured at the 
international linear collider (ILC) with high precision pT?| I19j. 
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